At the World Summit for Children (New York, 1990) 
Introduction
More than 2 billion people worldwide suffer from iron, iodine, and vitamin A malnutrition [1] [2] [3] . When they are not prevented or remain untreated, such deficiencies have been shown to cause serious health and economic problems. These include stunted growth, impaired mental development, fatigue, poor school performance, increased morbidity and mortality, reduced work output, and low self-esteem. In all, micronutrient malnutrition is among the leading cause of poor public health and economic development [1] [2] [3] . That is why the phrase "hidden hunger" is used to describe the nature and seriousness of the deficiencies of these three micronutrients and why it is emerging as a top priority on the global public health agenda [1] . At the World Summit for Children (New York, 1990 ) and the International Conference on Nutrition (Rome, 1992) most of the members of the United Nations signed a declaration to eliminate vitamin A and iodine deficiencies and reduce rates of iron-deficiency anemia by one-third by the year 2000. Progress has been made in raising awareness and developing strategies [1, 3] . But except for the improvement made with regard to iodine, hidden hunger remains a persistent problem. It is important to recognize that single micronutrient deficiencies don't occur in isolation. Millions of people worldwide S112 suffer from deficiencies of multiple micronutrients at the same time. In addition, iron, vitamin A, and iodine have an overlapping impact on growth, development, performance, and health (table 1 [4, 5] ).
We, in the private sector, have recognized that eradication of micronutrient malnutrition is an unmet consumer need. Thus, producing and marketing multiple-micronutrient-fortified (iron, iodine, and vitamin A) products will play an important role in improving people's health, self-esteem, and, ultimately, performance. However, there are several challenges in manufacturing and marketing products with meaningful levels of bioavailable and stable iron, iodine, and vitamin A without altering the accepted appearance and taste of the finally consumed product [6] [7] [8] . How do we successfully produce and market multiple-micronutrient-fortified products that will have a meaningful impact on the target population? How do we develop and implement an affordable and sustainable fortification program?
Micronutrient fortification of foods
During the last 15 years, The Procter & Gamble Co. (P&G) has been working on developing micronutrient fortification technology and products that meet the need of a large segment of the population in developing countries. During these years, we have learned that fortifying foods with micronutrients is more than adding fortificants, putting them in a package, and marketing them. Based on our experiences as well as learning from others, we have developed a model called "Sustainable Food Fortification Program," the success of which is dependent on the integration of multiple key elements ( fig. 1) . Thus, for food fortification to succeed, the model must include the following: (a) identification of deficiency among the target groups, (b) development of fortification technology/products to meet the need, (c) evaluation of the product's impact on alleviating the deficiencies, (d) manufacturing and distribution of the products, and (e) education of consumers about the benefits of fortified products and the adverse effects of micronutrient malnutrition. All of these elements are potential barriers to the success of a micronutrient-fortification program. They should not be only identified but also addressed during the different stages of the fortification program. We have used the "Sustainable Food Fortification Program" in developing a multiple-micronutrient fortification technology called GrowthPlus®. The GrowthPlus/ CreciPlus® technology has been used to formulate a powder fruit drink, which was marketed in Venezuela as NutriStar®, and earlier test marketed in the Philippines as NutriDelight.®
Establishing strategic alliance with the public sector
We recognized that in the private sector we don't have adequate capability to deliver a sustainable multiple-micronutrient fortification program by ourselves. Thus, it is critical that a strategic alliance is established among the major stakeholders [1, 7, 8] . As shown in figure 2, the major stakeholders include the scientific community, government, international agencies, non-government organizations (NGOs) and industry [8] . When it comes to improving the lives of children and women through the eradication of micronutrient malnutrition, these stakeholders have a common mission and goal, which is the elimination of micronutrient malnutrition. It is important to recognize that each stakeholder brings unique and complementary skills. Forging alliances between the public and the private sectors will not only benefit the parties involved, but more importantly will deliver a sustainable micronutrient-fortification program by leveraging each party's strength.
Our micronutrient fortification technology and the development of fortified powder fruit drink is, in fact, 
Micronutrient fortification technology development
It has been more than four decades since food fortification has been recommended as one of the preferred long-term approaches in eradicating nutrition deficiencies. However, its success, particularly in developing countries, has been very limited. One of the major challenges has been lack of affordable and easy-to-use fortification technology [6] [7] [8] . During fortification, we are bringing a vehicle (food or beverage) and the fortificants (vitamin or mineral sources) together. Because these are chemical moieties with functional groups, there is an interaction. It is this interaction that causes the development of undesirable taste (e.g., metallic aftertaste, rancidity), unacceptable appearance, poor stability, and significantly reduced bioavailability [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
To find solutions, we have evaluated the chemical properties of different micronutrients (particularly iron, iodine, and vitamin A) that are used commonly in food fortification. With iron fortification the challenges include metallic aftertaste, off-color, off-flavor, vitamin/ flavor degradation, and poor bioavailability [6] [7] [8] [11] [12] [13] [14] [15] [16] [17] [18] . These undesirable attributes are reflections of the chemical properties of iron. As a member of the transition elements, iron is known to undergo Multiple-micronutrient fortification technology development S114 an oxidation-reduction reaction. The challenge with delivering both vitamin A and iodine is linked mainly to stability. Both nutrients have poor stability during processing, storage, and cooking. Because of its multiple double bonds, vitamin A is sensitive to light and oxygen [12] . On the other hand, iodine undergoes oxidationreduction; thus, it is easily lost (escapes as iodine gas) when exposed to excess moisture and temperature [13] . Further complicating the matter is that the degradation of vitamin A and iodine is accelerated by the presence of bioavailable iron as a fortificant [13] .
The challenges in overcoming these multiple difficulties of delivering bioavailable/stable multiple micronutrients via a single vehicle were addressed by developing a fortification technology called "GrowthPlus.®" This unique technology delivers better-absorbed and utilized iron, vitamin A, and iodine (plus other vitamins and minerals) without compromising taste, color, and product and vitamin stability. This was accomplished by understanding and analyzing the factors that influence the reactivity, stability, and bioavailability of the micronutrients in a food/beverage-based delivery system. Based on the chemical properties of the three micronutrients (iron, vitamin A, and iodine), a delivery-system model called "Lock-Unlock" was developed. Thus, during the "lock" stage the nutrients remain stable (unreactive) during manufacturing/process, storage, and consumption of the fortified product by delivering them via chelation/reduction and/or encapsulation approaches. The stabilization of iron via the GrowthPlus® technology is shown in figure 4 . Chelation was used to prevent the metallic aftertaste usually associated with mineral fortification. The iron-mediated off-color development, which is the result of either iron oxidation from ferrous to ferric or its interaction with the vehicle components (e.g., polyphenols), was prevented by creating an environment that keeps iron in the ferrous form. This is accomplished by optimizing both the pH and level of reducing agents by which the iron remains to stay in the ferrous form. During the "unlock" stage, the iron delivered via the GrowthPlus® technology is released (becoming bioavailable) following the ingestion of the product. This has been demonstrated through repeated clinical studies (8) (9) (10) 15) .
Technology evaluation
The effectiveness of the GrowthPlus® technology in keeping the iron sources (ferrous bis-glycinate and ferrous fumarate) stable has been tested by formulating various prototypes. They include water, chocolate milk, and baby cereal. Fortification with iron that contains multiple micronutrients was done with and without the GrowthPlus® technology. The results (not shown here because the color changes cannot depicted in black and white) demonstrated that in the absence of iron fortification, the water, chocolate milk, and baby cereal containing banana were clear, brown, and off-white, respectively; however, addition of iron (without using the GrowthPlus® technology) caused the water to be rusty, the chocolate milk to become brownish-gray, and the baby cereal to turn green. In contrast, when the fortification of those same prototypes with the same iron source was delivered via the GrowthPlus® technology, the development of off-color was completely prevented.
Product formulation
The success of any fortification program is dependent on identifying the right vehicle(s) and using a fortification technology that delivers the critical micronutrients without compromising bioavailability, stability, taste, and appearance of the finally consumed product [6] [7] [8] . Thus, the multiple micronutrients delivered via the GrowthPlus® technology must be formulated into products that are commonly consumed by target groups. Data obtained from market research surveys showed that fruit-flavored drinks are not only well liked by the target groups but also commonly consumed globally (Compton DB, personal communication, 1998). P&G developed the fortified powder fruit drink called NutriStar® by combining the GrowthPlus® fortification technology and a unique fruit juice flavor system ( fig. 5) . Thus, the fortified powder fruit drink consisted primarily of sweeteners, thickeners, clouds, acidulent, natural fruit flavors, and GrowthPlus® (iron containing multiple-micronutrients). It is important to recognize that the nutrition formula of the fortified powder fruit drink was developed to fill the nutrition gap in developing countries [19, 20] . The amount delivered (per single serving) through a fortified product is dependent on the regulatory laws of the country and the prevalence of the micronutrient deficiency. Hence, a single serving of the fortified powder fruit drink is usually formulated to deliver (in percentage of US recommended dietary allowance) 20-30% of iron, 15-35% of vitamin A, 25-30% of iodine, 25% of zinc, 100% of vitamin C, and 15-25% of B vitamins (folic acid, B 12 , B 6 , B 2 , and niacin). During the last 6 years, the product attributes (taste, appearance, stability, and bioavailability) of the fortified powder fruit drink/NutriStar® have been evaluated prior to its introduction into the market place.
Product acceptance evaluation
For the fortified product to have an impact in combating micronutrient malnutrition, it first has to be consumed by the target groups. To be consumed, however, the addition of the fortificants (premix) should not change the appearance and taste of the product that is finally consumed [11] . Thus, the first evaluation work was on the sensory attributes of the finally consumed beverage, conducted via a 5-day home-use test among Filipino households. The overall acceptance of the fortified powder drink with the GrowthPlus® was compared with a placebo (product with the same appearance and taste but without multiple-micronutrient fortification). The subjects were asked questions about the overall product acceptance, flavor, and color during the 5-day use test. The findings showed the multiple-micronutrients (including iron, iodine, vitamin A) delivered via GrowthPlus® fortification technology had no significant effect on the flavor, color, and overall acceptance of the finally consumed fruit drink (table 2) .
Nutrient stability evaluation
The fortified powder drink contains three minerals (iron, zinc, and iodine) and eight vitamins (vitamin A, vitamin E, vitamin C, niacin, B 6 a. Ratings used a five-point scale (excellent, very good, good, fair, poor). Average ratings are calculated using weights as follows: (((N ex ×100)+(N vg ×75)+(N gd ×50)+(N fr ×25))/N total ) × 100 There is no significant difference between the fortified and the nonfortified powder beverage at p < .05 S116 stability is a serious problem. The stability of the vitamins and minerals in the fortified powder fruit drink and the finally consumed reconstituted beverage was evaluated as a function of storage time.
The fortified powder fruit drink was packaged in a sachet and stored in temperature-controlled rooms for up to 1 year. As shown in table 3, all nutrients (added as GrowthPlus®) including vitamin C, iodine, folic acid, and B 12 were stable after 1 year of storage at ambient temperature. The percent recovery ranged from 91.5% for vitamin A to 113.9% for vitamin B 6 . It is important to note also all values after 1 year of storage are above the targeted value (claimed values in the product).
The fortified powder fruit drink is consumed after being reconstituted with added water. What is the stability of the nutrients in the reconstituted fortified powder fruit drink? The stability of the major micronutrients (namely, vitamin A, vitamin C, riboflavin, and iodine) that are known to be sensitive to degradation in aqueous delivery systems was further evaluated after the fortified powder fruit drink was reconstituted. The results obtained after 1-hr and 24-hr storage at ambient temperature are shown in table 4. As expected, there was no change in the iron level. Riboflavin, vitamin C, and vitamin A showed little or no degradation. However, the level of iodine in the reconstituted beverage was decreased by 21% and 16% after 1 hour and 24 hours, respectively. Taking the target value into consideration, the reconstituted fortified powder drink delivers the iodine level claimed on the package. Results in the literature have shown that vitamins and iodine are sensitive to degradation, particularly in aqueous delivery systems [12] [13] [14] . Furthermore, such degradation is further accelerated by the presence of divalent ions, particularly iron and copper. The stability observed in both the powder and beverage forms is due to the ability of the GrowthPlus® technology to keep the multiple micronutrients in a stable and/or non-reactive form.
Bioavailability evaluation
Most of the vitamins and iodine have adequate bioavailability as long as they are stable [21, 22] . However, for minerals such as iron, their bioavailability is dependent on the source vehicle and the diet consumed with it [6-8, 11, 16, 17] . Thus, once goodtasting multiple-micronutrient-fortified products are developed, it is critical that the bioavailability of the iron is evaluated. The bioavailability of the iron from the fortified powder fruit drink was determined by using a double isotope labeling technique [16] . The study was done in collaboration with Dr. Tomas Walter at the University of Chile. The treatments included the following: (a) fortified powder beverage alone and (b) fortified powder beverage with rice. As shown in figure 6 , the absorption values were normalized to that of a standard ferrous ascorbate (40% absorption). Furthermore, comparison was made with the other common dietary iron sources [16] [17] [18] . When the reconstituted fortified powder fruit drink was consumed alone, 23.4% of the iron was absorbed. This is comparable to that absorbed from meat, and about five times that of milk fortified with ferrous sulfate [16] [17] [18] . However, when consumed with rice, the percent of iron absorbed was reduced by about half (23.4% vs 10.7%). Although there is a significant a. Analysis was done on fortified powder drink beverage prepared by dissolving 25 g powder fruit drink in 180 ml water. a. The samples were stored in a temperature-controlled room at 70 º F.
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reduction of iron absorption by rice, the bioavailability value is still comparable to that of iron from fish, which is accepted as a good source of bioavailable iron.
Product efficacy evaluation
Conducting an effectiveness trial among the target groups, particularly when it is done before the product is nationally distributed is important for the success and sustainability of a fortification program. It has practical implications, because it measures the impact after repeated consumption of the fortified product on improving nutrition status. The multiplemicronutrient-fortified powder fruit drink has been evaluated by randomized, double-blind, placebocontrolled clinical studies in schoolchildren and pregnant and lactating women [8-10, 23, 24] .
Production and distribution of fortified products
Currently, many of the multiple micronutrient fortification programs and research focus mainly on surveys, development of fortified product prototypes, and evaluation (stability, bioavailability, and efficacy). However, the impact of any fortified product in alleviating micronutrient malnutrition will occur only when the fortified product is produced, distributed in the marketplace, and consumed by the target groups. We believe this step is the least recognized bottleneck in the success of any fortification program. This final stage of the sustainable fortification program model includes production/scaling up, packaging, quality control, and distribution. Here, the private sector is the major player. Our GrowthPlus® technology-based multiple-micronutrient-fortification program has already reached a milestone. The fortification technology developed, the clinical data generated, and the public-private partnership resources invested have been taken to a higher level, which includes scaling up, manufacturing, distribution, and marketing. The outcome, which is a fortified powder fruit drink named NutriStar,® has been in production and distribution for more than a year in Venezuela.
NutriStar® is manufactured by following a written procedure and good manufacturing practices (GMP). A quality assurance & control (QA&C) program, which TABLE 5 . Key elements in quality assurance program » Finished product specification and description: Quality has to be built into the fortified product. Thus, before the product is manufactured, both the specification and description of the finished product must be established. Subsequently, products are manufactured by following written procedures known as standard operating procedures (SOP). Based on the claim to be made, the type and level of the minerals and the form and source of fortificants are specified. » Starting materials: The quality of the starting materials for both the product and packaging play an important role in the quality of the final mineral-fortified product. The fortificants should meet established specifications. In addition, purchases are made from approved suppliers that follow good manufacturing practices (GMPs). Once received, the fortificants are recorded and stored as specified under appropriate conditions. » Production and packaging: The quality of manufacturing and packaging determines the quality of the final product.
The product is made by following GMPs. The fortificants are added into the product formulation by using specified procedures and equipment. The amount of each fortificant added is recorded. Finally, the amount in the finished product is verified by using a validated analytical method. » Release of finished product: The product released for distribution should meet all finished product specifications. This includes the safety of the product and the level of the nutrients claimed. There should be a system for (a) monitoring and correcting deviations from specification and (b) identifying the product in case there is a complaint from the consumer. » Documentation: Accurate recording is essential for (a) identifying and correcting deviations, (b) recalling a product with serious problems, and (c) making an improvement on the quality of the product. » Training: All personnel involved in the development, manufacturing, packaging, and storing of the fortified product should be trained in quality assurance.
Source: Mehansho and Mannar [7] . includes the major key elements, has been already built into the production of the fortified powder drink (table 5) . The objective of the QA&C program is to deliver a safe fortified product with nutrient levels as claimed on the package during the shelf life of the product. Note that the packaged NutriStar® is released for distribution only after meeting the finished product specification (i.e., safety and nutrient levels). The acceptance and consumption of NutriStar® by the Venezuelan population is meeting P&G's expectations. Consumption data for 12 months show that about 120 million servings of NutriStar® have been sold. This translates to a production and consumption of 1,080 metric tons of NutriStar® in 1 year.
Education and social marketing
Both education and raised awareness are key to the success of a sustainable micronutrient-fortification program. The objective of such a program is to provide simple, friendly, and effective messages to professionals (e.g., doctors, nutritionists, health workers), policymakers, and the target population on the prevalence and consequences of micronutrient malnutrition and the benefits of the micronutrient-fortified products. Public-private partnership is critical for the education program to be successful. This can only be accomplished by leveraging the expertise and resources of the stakeholders from both the private and public sectors. In the Philippines during the test market of NutriDelight, a strategic alliance between the public sector (UNICEF, Nutrition Center of the Philippines, National Nutrition Council, Ministry of Health and Ministry of Education) and P&G was established. 
Conclusion
Eradication of micronutrient malnutrition, even though it seems formidable, can be accomplished. Based on our and others' experience, an effective and sustainable micronutrient-fortification program will require a holistic and integrated program. The program should address the multiple barriers identified in the "Sustainable Food Fortification Model" and leverage the untapped expertise and strength of the publicprivate partnership based on a win-win situation. The development of GrowthPlus® fortification technology and the fortified powder fruit drink known as NutriStar® in Venezuela has been accomplished by following the "Sustainable Food Fortification Model" and utilizing the resources and expertise of the public-private partnership. The highlights include the following: (a) fortification with meaningful levels of the most deficient micronutrients without altering the taste of the finally consumed beverage by using the GrowthPlus® technology; (b) proving that repeated consumption of the product improves the micronutrient status of the target population; (c) manufacturing by following GMP and QA&C program, and (d) distributing and marketing the product. Finally, after several years of fruitful, collaborative work, we believe that we have reached the stage where this innovative approach to controlling prevalent micronutrient deficiencies can be successfully used in the marketplace.
